The present study examines the possibility of inerting flammable mixtures (making the mixtures non-explosive/non-flammable) using a long duration thermal process close to but below the auto-ignition temperature. Experiments were performed in a stainless steel cell and a Pyrex cell. A Mid-IR FTIR spectrometer, a UV-Vis spectrometer and several IR laser diodes were employed to monitor the gas-phase composition. Experiments were performed for n-hexane-air mixtures with Φ=0.67-1.35.
Introduction
Accidental combustion events in fuel tanks and flammable leakage zone is a major concern in aviation safety [1, 2, 3, 4] . For example, the National Transport Safety Board investigation pointed out that the explosion of the center wing fuel tank resulting from the ignition of the flammable atmosphere in the tank as the probable cause of the flight TWA 800 accident in 1996 [5] . Possible ignition sources include electrical sparks [1, 6, 7, 8, 9] , stationary hot surfaces [2, 3, 4] and moving hot particles [10, 11, 12] . In 2008, the Federal Aviation Administration published the Fuel Tank Flammability Reduction Rule [13] requiring the installation of a flammability reduction or ignition reductions means for the fuel tanks that are most at risk. A number of inerting strategies can potentially be employed to reduce or eliminate the risk of accidental explosion in the fuel tanks of aircraft [14, 15, 16] . In the framework of aircraft safety, the term "inert mixture/environment" designates a non-flammable or non-explosive mixture, not necessarily a mixture in which no reaction is taking to OBIGGS is low-temperature oxidation: through a long duration thermal process close to but below the auto-ignition temperature, the flammable fuel-air mixture could be converted into an inert mixture. This mixture can then be re-injected in the fuel tank in order to reduce the oxygen concentration below the flammability limit. Recent results obtained at the Explosion Dynamics Laboratory [2, 3] have demonstrated that under certain conditions of pressure, composition and heating rate, n-hexane-air mixtures can undergo a slow oxidation process in the vicinity of the auto-ignition temperature without explosion. Since the large majority of the studies on hydrocarbon fuel oxidation are performed for short residence times and over a range of temperature in which ignition is taking place [18, 19] , the chemical dynamics of hydrocarbons in the vicinity of the auto-ignition temperature and over long residence time is much less known.
The present study examines a long duration thermal process close to but below the auto-ignition temperature to create an inert mixture through slow oxidation for a range of n-hexane-air mixtures. The evolution of the gas-phase composition is monitored over tens of minutes using ultraviolet and infra-red spectroscopy and the flammability of the resulting mixture is verified using both low-and hightemperature ignition sources.
Materials and methods

Mixture preparation
For all the experiments, the mixtures were prepared in a separate evacuated stainless-steel mixing vessel using the partial pressure method. Liquid n-hexane with 99% purity was first injected in the mixing vessel to the appropriate pressure which depends on the equivalence ratio. The oxygen to n-hexane ratio was selected to give the desired equivalence ratio: the stoichiometric value is 9.5:1. Synthetic air (nitrogen to oxygen ratio 3.76) was added to the fuel and the mixture was actively mixed for an hour using an electrical fan inside the mixture vessel. The mixture was then transferred into a glass flask which was connected to the test cell. Introduction of the gas mixture into the test cell was performed after the cell was evacuated and had reached the desired temperature. The residual pressure following evacuation was less than 10 Pa. Based on the accuracy of the pressure sensors used to prepare the mixtures, the uncertainty of the component mole fractions was less than 2%.
Test cells
The experiments were performed using two test cells. The first cell was employed to study the evolution of the gas-phase composition and the high-temperature flammability (using the glow plug). The second cell was employed to test the lowtemperature flammability (using the heated Pyrex vessel).
(a) Vessel and heating system, section view (b) SolidWorks 3D view The first cell is a 1.14 L cylindrical cell made of stainless steel shown in Figure 1 .
Two 5 cm in diameter, 5 mm thick ZnSe windows are located opposite to each other for optical access. The test vessel is equipped with pneumatic valves for rapid filling, gas sampling and evacuation. The temperature and pressure inside the cell are monitored using a shielded K-type thermocouple (uncertainty of 1%) and a pressure transducer (uncertainty of 3%) both from Omega. Mica foil or ceramic heaters and a heated magnetic stirrer plate are used along with temperature controllers to heat the vessel and maintain the temperature constant.
The second cell is the one used in Boettcher et al. [2] . Briefly, it is a closed 400 mL Pyrex cell equipped with two sapphire windows spaced 9 cm apart for optical access.
The vessel was placed inside an aluminum shell which was heated by two band heaters with a maximum power of 800 W. The temperature inside the vessel was measured using a shielded K-type thermocouple while the pressure was monitored using a pressure transducer.
Signals from the thermocouple and the pressure transducer were recorded using acquisition cards and an in-house Labview program.
It is noted that, given the large size of the experimental matrix we investigated, only one experiment has been performed at each set of conditions.
Spectroscopic diagnostics
In a series of experiments, the composition of the gas-phase was monitored using a Frontier Perkin-Elmer Mid-IR FTIR (Fourier Transform InfraRed) spectrometer.
Spectra were collected over a wide spectral range: from 1000 to 4000 cm −1 . The resolution used was 1 cm −1 at a sampling rate of 0.2 Hz. These experiments enabled monitoring absorption CO, CO 2 , H 2 O, and by the C-H, C-O, and C=O bonds.
The FTIR results were complemented by experiments performed with a number of absorption based measurements to characterize the dynamics of carbonyls, hexane, oxygen and water vapor. For these additional experiments, the combustion cells were placed in a large airtight PVC box continuously flushed with dry nitrogen and in which desiccant was introduced in order to mitigate the contributions of background oxygen and water vapor.
Identification of the carbonyls formed during the thermal treatment was attempted using UV absorption. An Ocean Optics USB-4000 UV-Vis spectrometer was used. It has a resolution of 1 nm and an optical bandwidth from 200 to 900 nm. A 0.1 Hz sampling rate was used. The UV-Vis absorption experiments were conducted using an ENERGETIQ EQ-99XFC laser driven light source. It delivers 80 mW of white light over the spectral range 190-2100 nm.
A He-Ne laser emitting at 3.39 µm was employed to monitor the evolution of the fuel concentration in terms of C-H bond equivalent [20] . To avoid saturation of the detector (Thorlabs PDA20H), the incident light beam was mechanically chopped at 100 Hz.
Oxygen was detected near 763.5 nm using scanned wavelength modulation spectroscopy (WMS) with a 1f-normalized 2f detection [21, 22] . A saw-tooth signal with frequency of 2 Hz and amplitude of 120 mV was employed to scan across the absorption line while a sine waveform with frequency of 1 kHz and 4 mV amplitude was used for modulation. A dual-pass scheme was employed for this diagnostic.
Detection was made with a Thorlabs PDA10A.
Detection of water vapor was also performed using scanned WMS with a 1f-normalized 2f detection. The absorption features near 1392.5 nm were scanned across at a 2 Hz frequency with a saw-tooth signal of 2.5 V of amplitude. The modulation was performed with a sine waveform with amplitude of 22 mV and frequency of 1 kHz. An off-axis multi-pass Herriot scheme was implemented for this diagnostic. A Thorlabs PDA50B detector was employed for monitoring the signal.
For both WMS diagnostics, two SR830 lock-in amplifiers were employed to enable the simultaneous monitoring of both 1f and 2f signals. Acquisition was performed using National Instruments acquisition cards and an in-house Labview program.
All the species profiles were normalized using the maximum value of the raw signal observed during the course of one experiment. It is noted that we did not intend to obtain quantitative information for the species concentrations (except for CO 2 partial pressure) and the value of these data is in the qualitative trends. As a consequence, it is not really meaningful to define uncertainties. For quantifying the CO 2 partial pressure, we have performed a separate calibration with an uncertainty on the order of 5%. For the other absorption diagnostics, quantitative assessment of the species concentrations was complicated by (i) the need for performing calibrations, (ii) the unknown absorption cross-section (mostly for hydroperoxy-ketones), and (iii) the need for using a complex simulation procedure (for WMS [22] ) which requires significant development.
Flammability tests
To test the flammability at low temperature, the Pyrex test cell was employed.
Following the thermal treatment, the temperature of the aluminum shell was increased at a rate up to 8 K/min. Possible ignition was detected using the pressure transducer and laser absorption at the He-Ne laser wavelength. The Pyrex cell was used because it had a much lower thermal inertia than the stainless steel cell; this enabled a much higher heating rate than possible in the metal vessel.
To test the flammability at high temperature, the stainless steel cell was equipped with a diesel engine glow plug, see Figure 1 . This glow plug installation is similar to that used by Boettcher [3, 4] except the glow plug is oriented downward in the present study. The glow plug used was a commercially available Autolite 1110, which can reach a temperature above 1300 K. Following the thermal treatment to slowly oxidize the fuel, flammability was determined by functioning the glow plug and checking for the occurrence of ignition by monitoring the signals from the pressure transducer and a photomultiplier tube equipped with a pass-band optical filter centered at 307 nm to select the (A 2 Σ + -X 2 Π) transition of the excited OH* radicals.
Results and discussion
3.1. Thermal stability of n-hexane-oxygen-nitrogen mixtures 3.1.1. Identification of the species Figure 2 shows the temporal evolution of the IR spectrum of a lean hexane-air mixture at T=423 K and at T=497 K. In both cases, no spontaneous ignition was (the range which characterizes C-H bond bending) appear at an early stage of the oxidation process and remain essentially constant after several hundred seconds. In order to gain deepler insight into the formation of carbonyl compounds during the oxidation process, UV absorption diagnostics were performed. Figure 3 a) shows the temporal evolution of the UV-visible spectrum for a stoichiometric hexane-air mixture at 500 K and 100 kPa. Note that no significant absorption feature was detected at 420 and 470 K. After 50 to 100 s, a broad-band absorption feature is observed between 220 and 290 nm. [23] . Aldehydes typically demonstrate a peak of absorption around 290 nm (see Limao-Vieira et al. [24] and Martinez et al. [25] for acetaldehyde, Chen et al. [26] and Martinez et al. [25] for n-butanal, and Tang and Zhu [27] and Jimenez et al. [28] for n-hexanal) except formaldehyde which absorption peak is above 300 nm [29, 30] . In addition, we note that the UV absorption spectra of ketones typically show a maximum around 280 nm (see Horowitz from [23] for 3-hexanone and Yujing and Mellouki [31] for 2-butanone). Consequently, the UV spectra registered during the present experiments seem consistent only with the hydroperoxy-ketones spectra obtained by Jorand et al. [32] with a maximum at 260-265 nm. ) and then increase at a lower rate. On the FTIR spectra, the absorption due to C-H bonds, between 2840-3000 cm −1 , does not seem much affected by the oxidation process. However, measurements performed using the He-Ne laser at 2950 cm −1 (3.39 µm) demonstrate that a significant, up to 25-50% depending on the temperature, change of hexane-equivalent C-H bonds is taking place. This is consistent with the calculations of Boettcher et al. [2] . The difference between the FTIR and the He-Ne laser measurements may be due to the too low resolution of the FTIR spectrometer and the high sensitivity of the absorption cross-section at 3.39
Time-resolved profiles
µm to the molecular structure [20, 33, 34, 35, 36, 37, 38] . This was observed in the FTIR study of fatty acid methyl esters by Campbell et al. [39] . At the He-Ne laser frequency, the local absorption intensity due to C-H stretch can vary substantially depending on the chemical species because of the displacement of the absorption features with respect to the narrow line of the laser. first part (up to 200 s) of the period of fast reactant consumption, a rapid production of hydroperoxy-ketones is observed. Then, the hydroperoxy-ketones are slowly and continuously consumed. The rapid production of water vapor is slightly off-set as compared to that of the hydroperoxyketones with the peak concentration observed around 500 s. Following this time, a slow decrease of the water concentration is observed. This behavior is different from that observed with the FTIR which showed continuous production of water vapor. This might be explained by the variation of the water content inside the PVC box which complicates the precise measurement of the water content within the oxidation vessel. In addition, it should be noted that the multi-pass WMS diagnostics is sensitive to slight variation of the path-length due to temperature variation during the oxidation process. Such an effect was particularly important in our previous study, see Boettcher et al. [2] , during which the thermal expansion of the reactor prevented any physically meaningful measurement with the WMS technique.
From Figure 2 to Figure 5 , we conclude that for temperature close to the autoignition temperature (≈500 K), the oxidation process appears to be characterized by a two-phase reaction: 1) rapid production of CO 2 , CO, water, hydroperoxy-ketones and rapid consumption of C-H bonds as well as O 2 ; followed by 2) a period of slower production of CO 2 and H 2 O and consumption of hydroperoxy-ketones.
Rate of the oxidation process
Because the absorption of CO 2 in the range 2230-2450 cm −1 is intense and isolated from that of other species, and observed under all the conditions studied, the production of CO 2 was most thoroughly examined. terized by a low and constant reaction rate. At higher temperatures, in the range 470-500 K, the reaction proceeds in two phases with an initial fast production of CO 2 for several hundred seconds followed by a period of much slower production.
From Figure 6 b), it is seen that at 40 kPa and T=470 K, the production of CO 2 is slow and constant, whereas for higher pressures (100 and 140 kPa) and a similar temperature of 470 K, a two-phase oxidation process is observed. When a two-phase oxidation process was observed, the rate of reaction during the first phase seemed not to depend on pressure since the same slope for the P CO2 =f(t) line is observed for 100 and 140 kPa. However, the first phase extended over 500 s at P=100 kPa and over 1500 s at P=140 kPa. The reaction rate of the oxidation process was characterized using the rate of production of carbon dioxide. phase has a rate up to an order of magnitude higher. The activation energy of the first step of oxidation is approximately 100 kJ/mol whereas that of the second stage increases from 10 kJ/mol at P=40 and 70 kPa to 25 kJ/mol at P=100 and 140 kPa.
Discussion on the species dynamics
In the temperature range 500-600 K and at pressure on the order of 100 kPa, ignition of large alkanes such as n-hexane or n-heptane is a direct consequence of the so-called "low-temperature chemistry" [40, 41, 42] . The main steps leading to ignition are [42] : • R 1 : RH
where RH is the initial alkane; R· is an alkyl radical; ROO· is an alkylperoxy radical; ·QOOH is a hydroperoxy-alkyl radical; HOOQOOH is a dihydroperoxyalkyl radical; ·OOQOOH is a peroxy-hydroperoxy-alkyl radical; and HP KET is a hydroperoxy-ketone.
The ignition event is due to the rapid formation of OH radical by successive decompositon of HOOQOOH and HP KET , and is essentially characterized by a single step of heat release [43] . This is consistent will the results obtained by Boettcher et al. [2] in their study of the effect of heating rate on the low temperature combustion of hexane-air mixtures.
At higher temperature (600-800 K), the increased competition between R 4 and
induces an increase of the ignition delay-time (negative temperature coefficient region or NTC region) and the appearance of a two-stage ignition event [40, 41] .
In the present study, the species profiles were monitored at T ≤500 K and ignition was never observed. It is thus important to understand that the two-stage oxidation process that we are reporting is not similar to the two-stage ignition process which is taking place in the NTC region. Some similarities as well as some differences between the chemistry observed in the "non-explosive" and the "explosive" regimes can be underlined.
For the experiments performed at a temperature close to 500 K and characterized by two phases of oxidation of very different rates, the detection of a strong absorption feature peaking at 260 nm seems to indicate that the oxidation pathways responsible for the formation of hydroperoxy-ketones (R 1 to R 6 ) dominate. This conclusion is supported by (i) the value of the activation energy of the first step of oxidation (see Figure 7 b)); and (ii) the insensitivity to pressure of this first step of oxidation when it is observed (see Figure 6 b) ). Considering the chemical sequence R 1 to R 6 , the limiting step is R 3 , the isomerization of the alkylperoxy radical ROO· into the hydroperoxy-alkyl radical ·QOOH. The activation energy of R 3 is typically around 110 kJ/mol [41] which is consistent with the activation energy we found for the first step of oxidation, ≈100 kJ/mol. In addition, since R 3 is a first-order reaction, it does not depend on pressure which explain the insensitivity to pressure [41] . It is noted that in the "explosive" regime, the rapid decomposition of the hydroperoxy-ketones leads to the rapid formation of smaller carbonyls, such as ketones and aldehydes, and of OH radicals [44] . However, the UV spectra that we obtained do not demonstrate absorption features characteristics of these decomposition species. Under these conditions, the hydroperoxy-ketone may be stable enough so that no detectable amounts of smaller carbonyls and OH radical are formed.
For the experiments performed at a temperature below 460-470 K and characterized by a single phase of oxidation, no hydroperoxy-ketones were detected and consequently, it may be concluded that the sequence R 1 to R 6 is not a dominant pathway in this range of temperature. Unfortunately, the data collected during these experiments are not sufficient to clearly identify the dominant chemical pathways at these lower temperatures.
It is noted that physical effects such as heat losses and radical destruction at the wall may have significant impact on the results we presently obtained. We have
shown, see Boettcher et al. [2] and Melguizo-Gavilanes et al. [45] , that close to the ignition temperature, heat losses may dominates chemical heat release which results in a non-explosive event during which fuel consumption and subsequent chemical reactions are taking place. The impact of radical destruction at the wall is difficult to assess and a detailed evaluation of this effect is beyond the scope of the present study.
Flammability tests 3.2.1. Flammability at low temperature
In order to test the flammability of mixtures subjected to a thermal treatment in the vicinity of the auto-ignition temperature, the approach of Boettcher et al. [2] was adopted. Following the thermal treatment, the temperature was increased at a rate of up to 8 K/min. Under these conditions, Boettcher et al. observed ignition of the mixture with significant pressure rise. the thermal treatment at 495 K followed by heating at 6 K/min of a rich n-hexane-air mixture.
Conditions: Φ=1.1, P=120 kPa.
Flammability at high temperature
To test the flammability of the mixtures at high temperature, following the thermal treatment, the high-temperature glow plug was turned on to check if the mixture had been inerted or not. For all conditions investigated, the glow plug, which had a surface temperature higher than 1300 K, initiated ignition. The resulting combustion process was characterized using pressure and OH* emission measurements.
Figure 10 a) presents the peak pressure rise observed for all the experiments. The peak pressure rise is insensitive to the residence time, but depends on the temperature: the higher the temperature, the smaller the peak pressure rise. There are three effects that contribute to the reduction in peak pressure: (i) heat losses to the vessel surrounding, (ii) partial reaction of the fuel, and (iii) for a given energy content (Q), the pressure ratio during a constant volume combustion is given by
, and thus a higher T 1 will lead to a lower pressure jump. This latter effect is accounted for in equilibrium calculations. To estimate the magnitude of the two former effects, the experimental results were compared with the theoretical adiabatic constant volume explosion pressure computed with the Equil code of the Chemkin II package [46] .
The impact of heat losses was determined by performing experiments with a residence time of a few seconds and lower temperatures. In these cases, no hexane was consumed before ignition and a difference of approximately 35% was found between measured peak pressures and values computed from adiabatic, constant-volume complete combustion simulations. The effect of partial consumption of the fuel could then be evaluated by considering that, by the time of ignition, a fraction of hexane was converted to hydroperoxy-hexanone (from 5% at 420 K to 30% at 500 K). As seen in Figure 10 The OH * emission following the ignition by the glow plug was measured for each experiment. maintained constant for all experiments to allow for a comparison of the emission intensity depending on the temperature and residence time. The area below the curve has been extracted and will be referred to as the emission intensity. Results are shown in Figure 11 b). The emission intensity decreases strongly with temperature (at 500 K it is almost 5 times lower than at 420 K) and is insensitive to residence time. As the temperature is increased, more hexane is consumed and transformed to partially oxidized intermediate and combustion products. The intensity of the emission by OH* radicals depends on the amount of combustible species in the mixture. Transformation of hexane into combustion products, H 2 O and CO 2 , induces a decrease of the amount of species that can lead to the production of OH*. Although still flammable, partially oxidized compounds such as carbonyls, would likely produce less OH* as compared to alkanes. As previously observed in our laboratory, reflected shock heated acrolein-oxygen-argon mixtures [47] as well as acetaldehydeoxygen-argon mixtures [48] produced much less intense OH* emission signals than small hydrocarbon-nitrous oxide(-oxygen) mixtures under similar thermodynamic conditions and dilution levels [49] .
Conclusion
Motivated by the concept of developing a new inerting system for aircraft based on a long thermal process in the vicinity of the auto-ignition temperature, the oxidation of n-hexane-air mixtures has been studied using various spectroscopic diagnostics and temperature and pressure measurements. The results show that, depending on the temperature, the reaction is characterized by a one-phase or a two-phase process.
At temperatures below 450-470 K, the reaction proceeds at a constant rate and leads to the production of CO 2 and H 2 O. At temperatures above 470 K, the reaction proceeds in two phases: the first phase is fast and induces a rapid consumption of C-H bonds and oxygen, and the formation of H 2 O, CO 2 , and C=O and C-O bonds (mostly from hydroperoxy-ketones), whereas the second phase is slower and is characterized by a continuous production of H 2 O and CO 2 and consumption of hydroperoxy-ketones. Because the kinetics during the first phase is about ten times faster than during the second phase, the extent of the oxidation process depends weakly on the residence time when it is longer than 1000 s.
The flammability of the mixtures following the thermal process was checked using both a low-and a high-temperature ignition source. While inerting seems to have been achieved for a low-temperature ignition source (heated vessel), the hightemperature ignition source (glow plug) led to an explosion in all conditions studied.
Flammable components were thus still present inside the vessel at the end of the thermal treatment. Unless significant amount of carbon dioxide and water are formed in the course of the thermal process, there will always be certain conditions under which the mixture will ignite, because partially oxidized, flammable products such as carbonyls are formed. Our results indicate that the specific thermal treatments we considered are not adequate to make the atmosphere completely inert. This does not preclude the feasibility of thermal treatment as a component of an inerting system but additional processing of the mixture or modification of the thermal treatment regime will be needed to insure that remaining mixture is inert.
